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Various emerging applications such as high-performance computing (HPC) have been 
pushing the speed limit of communication. The growing dependence on the optical interconnect 
in data centers results from its superiority over traditional electrical interconnects to transmit data 
at high speed over long distance. The P-i-N photodiode, having the advantage of high bandwidth 
and low noise level, plays a significant role in the receiver end of optical interconnects.  
The subject of this work is the design, fabrication, measurement and modeling of high-
speed GaAs P-i-N photodiodes operating at 50Gb/s. The material structure and device scaling are 
determined through microwave analysis and simulation. Photodiodes of 20um aperture diameter 
is fabricated and subsequently characterized, showing both high bandwidth and low noise level. A 
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1.1 Motivations for High-Speed Optical Interconnects 
The demand for more data traffic and high data rate has been increasing over the years, driving 
the development of faster optical interconnect. As shown in Figure 1.1, an analysis by Cisco 
predicts the data traffic to reach 20.6 zettabytes by 2021. Services related with high data traffic 
such IP hosting, data storage and cloud computing are usually handled by data centers housing 
hundreds of servers. Reliable interconnect techniques are essential for efficient data transmission 
both inside and between the data centers. Traditional electrical interconnects suffer from several 
limitations: 1. The skin effect of electrical conductors causes significant signal attenuation at high 
frequency. 2. The associated parasitic resistance and capacitance cause extra signal delay time. 3. 
The crosstalk between adjacent channels degrades the signal quality. Optical interconnects, on the 
other hand, allow the higher data transmission rate with less attenuation over a much longer 
distance. Therefore, traditional electrical interconnects are replaced by optical interconnects in data 
centers to facilitate the ever-increasing requirements [1].  
Optical interconnect has three parts: an optical transmitter, an optical cable and an optical 
receiver. The optical transmitter is composed of semiconductor lasers and laser driver circuits 
which convert electric signals into optical signals. The optical receiver is made by combining a 
photodetector with a transimpedance amplifier. The photodetector receives the optical signal and 
converts it into photocurrent. And the transimpedance amplifier converts the current signal into 
voltage signal. For the photodetector on the receiver end, P-i-N photodiodes have the advantage 
Figure 1.1. Global data traffic growth trend and forecast by Cisco [2]. 
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of high bandwidth and low noise compared to the other technology such as avalanche photodiodes. 
The purpose of this work is to design, fabricate and characterize GaAs based P-i-N photodiodes 
for 850nm 50Gb/s optical links. 
 
1.2 High-Speed P-i-N Photodiodes 
P-i-N photodiodes originate from the design of a simple PN diode. A typical PN diode 
structure consists of the P-doped and N-doped semiconductor layers. A space-charge region is 
formed when the diode is reversely biased. Photons coming into the space-charge region can assist 
the carriers to tunnel through the quantum barrier which generates photon current. This process, 
known as the photon-assisted tunneling, converts optical signals into electrical signals and is 
fundamental in photon signal detection. A P-i-N photodiode optimizes this photon absorption 
process by adding an extra intrinsic semiconductor layer between the P-doped and N-doped 
regions. As a result, the photon absorption is enhanced due to a wider space-charge region and the 
noise level is reduced because there are fewer defects in undoped semiconductor material.  
The operation of a P-i-N photodiode begins with the receiving of the optical signal and ends 
with the exiting of the electric signal from the electrodes. During this process, there are three 
associated delay mechanisms: photon absorption delay, group carrier transport delay and electrical 
circuit RC delay. Photons first come into the aperture of the photodetector as an AC signal and 
generate electron-hole pairs in the depletion region. This absorption process is much faster 
compared to the two other delay processes and the associated delay can be ignored. The carriers 
will then drift across the space charge region to reach the P and N sides at the saturation velocity 
under the large electric field caused by externally applied DC reverse voltage bias. This induces 
the group carrier transport delay. It should also be noticed that holes and electrons have different 
saturation velocities [3]. Considering the combined mechanism of electron and hole drifting, the 
carrier transit delay of a top surface illuminated photodetector can be approximated by equation 









The generated electron and hole reach the N and P sides and induce an electric field which 
modulates the junction capacitance, generating an electric AC signal at the junction region. Lastly, 
the electrical signal propagates through the diode and exits via the Signal-Ground (SG) coplanar 
waveguide experiencing the electrical RC delay. To determine the RC delay, we consider a simple 
model. An intrinsic/ideal P-i-N photodiode under reverse bias has junction capacitance 𝐶𝑗 and 
series resistance 𝑅𝑠. The SG waveguide metal pad adds the extrinsic parasitic capacitance 𝐶𝑝. The 
load to receive the photocurrent is assumed to be an ideal load with 𝑅𝐿 = 50Ω. The RC delay time 
[6] can be approximately represented by equation 1.2.  









The contour in Figure 1.2 is plotted based on this analysis showing the expected 3dB bandwidth 
related to the intrinsic layer thickness as well as the aperture diameter [7]. It serves as an important 
guideline for the material design and device scaling in this work.  
The design of the P-i-N photodiode is essentially a trade-off between speed and signal 
power level. For material design, a thicker intrinsic layer improves the photo absorption while it 
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Figure 1.2. The simulated bandwidth of P-i-N photodiodes with respect to the active 
region thickness and the aperture diameter [6]. 
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Similarly, scaling the device area down would reduce the junction capacitance and therefore the 
RC delay. The bandwidth will increase as a result and approach a limit set by the group carrier 
transit delay. On the other hand, the available area for photon signal detection will simultaneously 
decrease which reduces the responsivity of such a photodiode.  Other design rules such as the 
efficient coupling of light from a multi-mode fiber into a photodetector must also be considered. 
For 50Gb/s data transmission, the required photodetector bandwidth is around 25GHz. Based on 
the contours in Figure 1.2 and other related analysis, the optimized intrinsic layer thickness of 






2 DEVICE FABRICATION 
To fabricate a P-i-N photoreactor for 850nm wavelength, the epi material is first grown by 
MOCVD with GaAs as the intrinsic layer as shown in Figure 2.1b. The following fabrication 
processes include several high-precision lithography steps to define the patterns/structure. The 
mesa structure is first created by using Inductively Coupled Plasma - Reactive Ion Etching (ICP-
RIE). After the mesa is defined, P and N metal contacts are deposited separately with an Ebeam 
vacuum evaporator followed by the planarization with Benzocyclobutene (BCB). After opening 
the via for metal contact through dry etching, the top metal contact is deposited to form the 
coplanar waveguide for RF signal coupling. The cross-sectional structure of a photodetector and 
the top view of a fabricated device under scanning electron microscopy is shown in Figure 2.1a. 
 
Figure 2.1. (a) SEM picture showing the top view of the photodiode  after fabrication. (b) The 




3 MEASUREMENT AND MODELING 
3.1 DC and RF Characterization 
Both DC and RF measurement are performed for device characterization after the device is 
fabricated. Dark current measurement is the focus of the DC test. The dark current 𝐼𝐷 of a 
photodiode is the reverse current level at the operation bias point when there is no input optical 
signal. It is due to the thermal excitation of electron-hole pairs in the depletion region as well as 
the surface recombination. 𝐼𝐷 is a significant part of the total noise level that determines the 
minimum optical signal power a photodiode can detect. 𝐼𝐷 can be extracted by measuring the DC 
characteristics of a photodiode inside a black box which blocks the background radiation such as 
the room light or the IR signal generated by the human body. The current level at the operating 
voltage bias point of the photodiode is considered the dark current. The photodiode shows an ultra-
low dark current of approximately 10pA at room temperature. Even with the presence of room 
light and heating to 85°C, the dark current level of the fabricated photodiode is still below 1nA as 
shown in Figure 3.1a [7].     
(a) (b) 
Figure 3.1 (a) The log scale IV characteristics of a 15um UIUC photodiode at various 
temperatures from 25°C to 85°C and under room light. (b) The frequency response of a 
VCSEL-PD optical link is compared to the frequency response of the VCSEL source.  
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Frequency response measurement is the focus of photodiode (PD) RF testing as the extracted 
3dB optical bandwidth directly indicates how fast a device can operate. The frequency response 
of the photodiode is characterized with a 27GHz vertical cavity surface emitting laser (VCSEL) 
with known frequency response as the laser source [8]. The frequency response of the VCSEL-PD 
optical link is first measured with the setup shown in Figure 3.2. In this setup, the VCSEL source 
is forward biased with an external DC source and directly modulated by port 1 of the performance 
network analyzer (PNA). The generated optical signal from the VCSEL is coupled into the PD 
through one lightwave probe on each side and an OM4 optical fiber. The PD under test is reverse 
biased at -3V and the AC photocurrent is received by port 2 of the PNA. The S21 measured by the 
PNA is the frequency response of the optical link. Figure 3.1b shows the frequency response of 
the VCSEL source (blue curve) overlaying the response of the VCSEL-PD link (red curve). The 
frequency response of a photodiode can then be acquired by subtracting the known VCSEL 
response from the VCSEL-PD link response. The de-embedded frequency response of a PD with 
a 20um wide aperture is shown as the solid blue curve in Figure 3.3b. The 3dB optical bandwidth 
is around 25GHz.  
(a) 
(b) 
Figure 3.2. (a) Measurement setup to measure the bandwidth of the VCSEL-PD optical link. 
(b) Block diagram of the VCSEL-PD optical link measurement setup. 
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3.2 Small Signal Model 
To verify the RF measurement results, an equivalent model of the P-i-N diode is proposed as 
shown in Figure 3.4b. The three parts of this model correspond to the optical absorption delay, 
carrier transit delay and electrical RC delay individually which are discussed in the previous 
section.  Figure 3.4a shows the electrical small signal model along with the physical device 
structure. It is a more accurate and complicated version of the simplified model used during design 
stage. 𝑅𝑗 and 𝐶𝑗 are the junction resistance and capacitance. 𝑅𝑃 and 𝐶𝑃 are the top metal pad 
resistance and capacitance. 𝑅𝑠,𝑃 and 𝑅𝑠,𝑁 are the series resistance related with the P and N doped 
semiconductor regions. 𝑅𝑠,𝑁 is usually small in value and can be ignored. 𝐿 is the series inductance. 
All the parameters above can be extracted by fitting the S11 measurement result of the PD under 
reverse bias as shown in Figure 3.3a. The frequency response can be simulated and shown as the 





Figure 3.3. (a) S11 measurement result of a photodetector is compared to the simulation 
results from the electrical small signal model. (b) Optical frequency response of a 20um 







Figure 3.4. (a) The electrical small signal model along with the physical device structure of a P-




4 CONCLUSION AND FUTURE WORK 
The increasing demand for data traffic and high data rate requires faster optical interconnect. 
This work focuses on the high-speed GaAs P-i-N photodiode on the receiver end of the optical 
interconnect. Intrinsic layer thickness and the aperture size are the two main design condensations 
to achieve high bandwidth. The device is fabricated in Nick Holonyak, Jr Micro and 
Nanotechnology Laboratory at UIUC and characterized with both DC and RF measurement. DC 
characterization shows a state-of-art ultra-low dark current level and RF measurement shows an 
optical bandwidth as high as 25GHz. An equivalent model is also proposed to verify the 
measurement results. 
In electrical circuits, the detection of voltage is almost always preferred than the detection of 
current signal. High-frequency performance also requires impedance matching in order to 
minimize signal reflection loss. Combining the photodiode mentioned above with a commercial 
transimpedance amplifier to build a 25GHz photoreceiver is mandatory for commercial 
applications.  
Despite the limitations of the traditional electrical interconnect, the use of optical 
interconnects is still limited to the board-to-board and rack-to-rack level. There are few studies on 
on-chip optical interconnect and photonic integration. Although not preferred yet due to their high 
cost, such technologies have already shown great potential as the world enters the 5G era. The 
transistor lasers, capable of operating as a transistor, a laser and a photodetector, proves to be a 
Figure 4.1. Top view of a fabricated transistor laser-based all-optical NOR gate [9]. 
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promising candidate for monolithic photonic integration.  In 2018, the fabrication of the first all-
optical NOR logic gate based on transistor laser technology was reported with the limitation that 
only spontaneous emission was observed [9]. The top view of the fabricated device is shown in 
Figure 4.1. The future improvement of that work is to achieve both lasing and logic functionality 
on a monolithic integrated circuit through process optimization. Further, other possible 
applications such as optical differential amplifiers and memory [10] can be explored to 
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